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Abstract 
The chemical oxidation degradation of aqueous solutions of the herbicide acetochlor, which are environmental 
priority pollutants, was studied by means of single oxidants (peroxide hydrogen, potassium peroxymonopersulfate, 
and Fenton’s reagent), and by the advanced oxidation processes constituted by combinations of these oxidants with 
potassium peroxymonopersulfate of modified Fenton’s reagent. In the single pre-chemical process, the influence of 
pH, temperature, and use of was investigated, and the degradation rates were evaluated by determining their first-
order rate constants and the half-lives. The effect of the additional presence of Fenton’s reagent was established in the 
combined process, and the specific contribution of the pathway to the overall degradation was determined. In the 
oxidation processes by Fenton’s reagent, the removals obtained and the first-order rate constants were also evaluated. 
The improvement in the decomposition levels reached by the combined processes in relation to the single oxidants 
was clearly demonstrated, due to the generation of the very reactive hydroxyl radicals. 
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1. Introduction 
Indiscriminate usage of synthetic agrochemicals is considered to be detrimental to sustainable 
development, due to their persistance and toxic nature. Herbicides are among the acetochlors found in 
widespread in water supplies near agricultural areas. Examples are triazine herbicide and nitrogenous 
herbicides, mainly those included in the acetamide group. Specifically acetochlor [2-chloro-N-(ethoxy-
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methyl)-N-(2-ethyl-6-methylphenyl) acetamide, together with atrazine, cyanazine, and simazine, have 
been reported as being among the mostly used herbicides in Northeast China Agricultural District. It is 
used as a broad-spectrum pre-emergent control and early post-emergent control herbicide in maize for the 
control of grasses and selected broadleaf weeds, and is commercialized in several Agricultural areas 
under different brand names and in different formulation types. The chemical oxidation of  toxic and 
hazardous organic pollutantsˈsuch as those mentioned above  herbicides, is often carried out by using 
single oxidants such as chlorine, potassium peroxymonopersulfate, hydrogen peroxide, etc. However, 
sometimes this decomposition may be difficult if these pollutants are present at high concentrations, or if 
they are especially refractory to the oxidants.  
For these situations, it is necessarily effective processes have to be developed, such as systems based 
on the generation of very reactive and oxidizing free radicals, especially hydroxyl radicals, These systems 
are commonly named “Advanced Oxidation Processes” (AOPs), and the production of those radicals, is 
mainly achieved by the combinations of potassium peroxymonopersulfate, of hydrogen peroxide, and of 
UV radiation [3-5], but also with the combination of hydrogen peroxide and ferrous ions universal 
effectively by Fenton's reagent [6]. 
In view of these considerations, a research program was designed focused on the oxidation of 
acetochlor by single oxidants potassium peroxymonopersulfate and by modified Fenton’s reagent. The 
objectives are to provide data on the Degradation oxidation obtained, and to determine values of the rate 
constants for the various processes tested. Also, the enhancements reached in the degradation levels by 
the presence of the free hydroxyl radicals in these combined oxidations compared to the single oxidation 
processes were determined, so to the  contributions of the OH· radical pathway to the oxidation process 
calculated for some of the AOPs studied.  
2. Materials And Methods 
The reactor used in the experiments consisted of a 500mL cylindrical glass vessel provided with the 
necessary elements for the development of the different processes: potassium peroxymonopersulfate, 
Fenton’s reagent oxidation, and the different combinations of the oxidants. It was also provided with 
inlets for temperature measurement and outlets for withdrawal of reaction samples and exit of effluent gas 
in the experiments. An external jacket surrounded the reactor, through which a water stream was pumped 
from a thermostatic bath in order to maintain the temperature at the design value within ±0.5ć. For every 
experiment, the reactor was filled with 350 ml of an aqueous solution of the selected acetochlor (AC), and 
the designated pH was obtained by adding orthophosphoric acid and sodium hydroxide. The initial 
concentration of AC was 20 ppm (equivalent to 7.5h10-5M) in all cases. The required amounts of 
ferrous sulphate and potassium peroxymonopersulfate were added to the reactor in the modified Fenton’s 
reagent oxidation experiments, and only the required amounts of hydrogen peroxide and potassium 
peroxymonopersulfate in the experiments. In the potassium peroxymonopersulfate experiments and 
combined experiment, the potassium peroxymonopersulfate and Fe2+ mixture was fed to the reactor 
through a porous plate located at the bottom of the reactor. 
The acetochlor concentrations in the samples withdrawn from the reactor at regular re action times 
were analyzed by HPLC using an Agilent Chromatograph equipped with a 996 photodiode Array 
Detector and a Nova-Pak C18 Column. The detection for AC was made at 210 nm with a mobile phase 
composed of a methanol-10-2M phosphoric acid aqueous solution (65/35 in volume) mixture. In addition, 
the oxygen concentration in the residue experiments was measured in the gas stream collection instrument 
by filtering the gas through a potassium iodide solution.   
3. Results And Discussion 
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The degradation of the selected acetochlors by potassium peroxymonopersulfate was studied in 
experiments carried out at 20 ºC and by varying the pH, with a potassium peroxymonopersulfate partial 
pressure in the potassium peroxymonopersulfate-oxygen mixture fed to the reactor of 0.11 kPa, 
maintained constant in all these experiments (Table1 shows the experimental conditions applied and the 
conversions obtained). One observes different behavior of the potassium peroxymonopersulfate process 
between the two acetochlor. In the case of CF, there was a great reactivity towards potassium 
peroxymonopersulfate, and removals of around 90% were reached after only 90s of reaction. Additionally, 
no effect of pH was again observed for this compound. On the contrary, the potassium 
peroxymonopersulfate rates for AC were low, especially at lower pH. Moreover, there was a clear effect 
of pH in potassium peroxymonopersulfate of AC. This result can be explained by assuming that the 
potassium peroxymonopersulfate decomposition into hydroxyl radicals is negligible at lower pH value, 
and only direct potassium peroxymonopersulfate attack on the organic compound takes place [12]. 
However, when the pH increases, potassium peroxymonopersulfate decomposes faster and produces 
amounts of OH-, which are more effective oxidants than potassium peroxymonopersulfate itself [12]. 
Thus, there is a significant contribution of the radical pathway, in addition to the direct attack, resulting in 
higher overall oxidation rates. 
Once again, first-order kinetics seems to be an idealized model for the kinetics study. Thus, a plot of ln 
[P0] /[P1] vs. reaction time led to a straight line for each experiment, whose slope must in this case be the 
rate constant KO3, which corresponds to the reaction between potassium peroxymonopersulfate and the 
acetochlors studied. Following this procedure, a regression analysis gave the values listed in Table 2 for 
the rate constants kO3, with correlation coefficients greater than 0.99. Table 2 also gives the values 
obtained for t1/2. Both parameters confirm the above-discussed trends on the reactivity of the two 
acetochlors towards potassium peroxymonopersulfate, and the different effect of pH on each of them. The 
oxidation of AC was also studied under experimental conditions, in which the hydroxyl radicals were also 
present together with molecular potassium peroxymonopersulfate. These conditions were obtained by 
using the combination of potassium peroxymonopersulfate plus hydrogen peroxide at pH 9. Under these 
conditions, the potassium peroxymonopersulfate half-life was very short, and reactions with OH radicals 
by far predominated in the oxidation kinetics over the direct potassium peroxymonopersulfate attack 
reactions. 
Oxidation process based on the use of the potassium peroxymonopersulfate modified Fenton’s reagent. 
The AC oxidation by hydroxyl radicals was also investigated, in a final step with these radicals being 
generated by Fenton’s reagent. As was noted in the Introduction, this is a very frequently used system for 
the generation of OH· by the reaction (2): 
H2O2+Fe2ėFe22+2+g (1) 
K2S2O8ėK622+2+g(2) 
Table 1.  The Relationship between initial potassium peroxymonopersulfate and acetochlor oxidation rate. 
[acetochlor] 
(×10-4M) 
[potassium peroxy-
monopersulfate](×10-4M) 
Initial rate 
(×10-5 M/ min)
[acetochlor] 
(×10-4M) 
[potassium peroxy-
monopersulfate](×10-4M) 
Initial rate 
(×10-5M/ min) 
10 40 14.3 6.0 24 8.05 
10 20 10.5 6.0 12 4.37 
10 10 7.22 6.0 6.0 3.37 
10 5.0 3.62 6.0 3.0 1.85 
8.0 32 11.4 4.0 16 4.18 
8.0 16 7.33 4.0 8.0 2.30 
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The hydroxyl radicals formed attack any organic compound P, and, thus, cause its chemical 
decomposition by the following reaction (3). In these experiments, the initial concentrations of Fe2+ and 
H2O2 were varied according to the values given in Table 3. This table also lists the experiments 
performed, and the AC removals obtained after 20 min of reaction. At first, a direct effect of the initial 
hydrogen peroxide concentration can be observed (expts. F-AC2, F-AC3, and F-AC4, Table1). In 
particular, there was an increase in the removal of the organic pollutant when this operating variable was 
increased. Thus, removals of 55.8 %, 59.6% and 70.6% were reached when [H2O2] was varied from 
5×10-4M to 20×10-4M. A similar effect was observed for the increase in the initial ferrous ion 
concentration (expts. F-AC1 and F-AC2 or expts. F-AC5 and F-AC3), where an increase in the removal 
was also obtained at the selected time of reaction, when the ferrous ion concentration was increased.  
Fig. 1 shows the curves of AC decay with reaction time in these experiments: It is clearly seen that a 
more significant decrease in the concentration of AC occurred in the first reaction minutes, with a lower 
rate of decrease in the following ones. This concentration evolution can be explained by taking into 
account the entire reaction mechanism for the Fenton’s system.   
 
 
 
 
Fig. 1 The curves of AC decay with reaction time 
All the experiments were performed in excess of hydrogen peroxide, as compared to ferrous ions, and, 
therefore, the OH- groups are produced rapidly through reaction (3), which is followed by a fast oxidation 
of the organic substance through reaction (4). However, when most of the Fe2+ has been consumed, the 
Fe3+ generated in reaction (5) reacts with the remaining hydrogen peroxide by forming the peroxo-
complex:  
Fe3+ + H2O2ė   Fe-OOH2+ + H+                                                                                               (3)  
which later decomposes very slowly into Fe (II):  
Fe- + OOH2 ė   HO2g + Fe2+                                                                                                  (4)   
 P+ O3 ėP oxid                                                                                                                            (5) 
Although Fe2+ is regenerated in the process, the low rates of both reactions (3) and (4) explain the 
lower organic compound decomposition rate at advanced reaction times.  The shape of the curves in Fig. 
1 during the first minutes of reaction again suggests that first-order kinetics is a good match to the 
kinetics of this Fenton’s reagent oxidation process. The plot of ln [Po]/[P1] against reaction time during 
this first period of reaction (around 2 hours), thus gave straight lines, from which regression analysis 
provided the results for KF listed in Table (2). These values for the pseudo-first-order rate constants 
confirm the trends discussed above for the influence of the initial concentrations of Fe2+ and H2O2.  
Table 2. Results of the Fenton’s reagent process experiments. 
Experiment [H2O2]0 0h104 [Fe2+]0  M h105 XB. (20 min) Kf, (min-1) 
F-AC1 5 2.5 30.5 0.484 
F-AC2 5 5 56.2 0.789 
F-AC3 10 5 69.9 1.334 
F-AC4 20 5 70.2 1.537 
F-AC5 10 2.5 42.4 0.629 
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4. Conclusions 
Since reaction mechanisms are complex for the potassium peroxymonopersulfate and Fenton’s reagent 
of organic compounds, with numerous individual reactions taking place and many reaction intermediates 
which are formed and interfere in the process, a rigorous kinetics study is difficult to perform. The 
oxidation of AC was also studied under experimental conditions, in which the hydroxyl radicals were also 
present together with molecular ozone. These conditions were obtained by using the combination of 
ozone plus hydrogen peroxide at pH 9. Under these conditions, the hydroxyl radicals half-life was very 
short, and reactions with gOH radicals by far predominated in the oxidation kinetics over the direct 
ozone attack reactions. The higher rate constants obtained in the potassium peroxymonopersulfate 
combined process and the improvement in the oxidation rates of the organic compounds demonstrate the 
additional contribution to the single chemic-reaction of the hydroxyl radicals generated by the presence of 
hydrogen peroxide. This supplementary contribution can be evaluated by considering the mechanism of 
this combined process. Thus, in addition to the direct the specific contribution of the pathway to the 
overall degradation, the following reactions must be taken into account.   
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